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NOTICES

purpose other than in conrnection with & definitely related Government
procurement operation, the United States Government thereby incurs no
esponsibility nor any obligation whatsoever; and the fact that the
Government may have formulated, furnished,. or in any way supplied the
said drawings, specifications, or other data, is not to be regarded by
implication or otherwise or in any manner licensing the holder or any
other person or corporatior, or conveying any rights or permission to
manufacture, use, or sell any patented invention that may in any way be

; related thereto.
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“as a detailed set of input instructions.
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SECTIOM 1
INTRODUCTION

In predicting rocket nozzle performance and analyzing Arc Plasma
Generator (APG) data, the heat and mass transfer coefficient must be defined.
In the past, the heat transfer coefficient has been calculated within
Aerotherm by some boundary layer integral codes such as ARGEIBL (Reference 1)
or BLIMP (Referente 2). Both of these computer codes assume that the boundary
layer develops on a smouth wall. It has been shown (sce Reference 3) that
surface roughness developed in rocket nozzle and APG environments can cause
substantial heat transfer augmentation. To account for this and other
boundary layer effects, the Homentuﬁ/Energy Integral Technique (MEIT) computer
program has been developed. '

The MEIT methodology was originally developed to predict nosetip
ablation on reentry vehicles. This methodology has been validated for
reentry enviromment and {s currently an important part of the ASC code
(Reference 4). The methodology employed by MEIT solves both the integral
momentum and energy cquations. In addition, it utilizes heat transfer and
skin friction laws based on the most recent roughness heating and friction
data.

MEIT was developed from ASC by extracting all the subroutines that are
related to the boundary layer calculation. Any nonapplicable subroutines,
unnecessary variables and common block variables were deleted and a driver
routine was written to read in all the required input. To tailor it for
rocket nozzle applications, the input and output formats were modified so
that they are compatible with the usage requirements of rocket nozzle designers.
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MEIT was verified by comparing solutions to solutions generated by

ARGEIBL and BLIMP. Solutions from the TBL code (Reference 5) which is

developed by Pratt and Whitney Aircraft Company, were also used. Both

~ smooth and rough wall solutions were considered in the MEIT checkout. Like -

ARGEIBL and other integral techniques, the heat transfer coefficient

generated by MEIT must be decreased by 25 percent. . )
In Section 2, A brief description of the MEIT methodology is presented.

This is followed by the verification of MEIT in Section 3. Sectfon 4 provides

the input and output formats and Section 5 presents two sample problems. A

listing of the program is given in Section 6.
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SECTION 2

MEIT METHODOLOGY

The MEIT methodology was criginally developed to predict nosetip
ablation in reentry vehicles. A detailed description of the methodology is
given in Reference 6. Only the essential information will be presented in
Section 2. '

The MEIT methodology solves both the boundary layer integral momentum
and energy equation.. The required input are surface shape, boundary layer
edge conditions , boundary layer gas properties and wall conditions (see
Section 4). To solve these two equations, the local shape factor , recovery
factor, Stanton number and friction coefficient must be defined. The effects
of surface roughness, transpiration, acceleration, and boundary layer
properties are taken into account in terms of influence coefficients. These
influence coefficients are included in the formulation of both the local
Stanton number and friction coefficient. The solution procedure 1is carried
out by an implicit finite difference scheme. Although MEIT {s designed
primarily for rocket nozzle environment, which consists of turbulent flow;
both laminar and transitional flow situations are also included.

In Section 2.1, the basic equations are presented. This is followed
by the formulation of local shape factor. recovery factor, Stanton number,
and friction coefficient in Section 2.2 The solution procedure is described
in Section 2.3.

2.1 BASIC EQUATIONS
The two boundary layer integral equations solved by MEIT are:




Integral momentum equation

< (pv) u
1 d . .t we . Ho_ dp
rpeue’ ds (r‘,euee) 2 * peu: foeu: ds ()

Integral ernergy equation

h, - (ov) Ih, _ ~H -
1 r- M )4_ ‘wtt,e v (2) .
v

4 - . b
rPeUe(hy e = By) ds (reete(Me,e = MO = G, (ht.e S Pl o - H)

ettt Mt

hiere the momentum and energy thicknesses are respectively:
7 U -u |
“e"e( Ve )dy- 3
|
- .
h -h .
t,e t
. gj _pu_ (_..____ ._) &y (4)
> - Pele ht.e hu _

The boundary layer shape factor, H, is defined as:

« 8 5
e S _()

where 8*, the displacement thickness is given by:

& = ' (6) o
/( "e‘.'e)y - ‘1

; 0

The total enthalpy at the boundary layer edye is defined by




wvhile the recovery enthalpy is given by

(X3

D

f

u
hl" = he+F—2’ (8)
where F is the recovery factor.

The heat transfer rate and skin friction are related to the Stanton
number and friction coefficient respectively by:

Ct
Ty T PeleT (9)

dw = PeUely (hr - hw) (10)

In order to facilitate the solutions of equations (1) and (2), besides
the required input of surface shape, boundary laver edge conditions, boundary
layer gas properties, and wall conditions, the local shape factor, recovery
factor, Stanton number and friction coefficient have to be formulated.

2.2 SHAPE FACTOR, RECOVERY FACTOR, STANTON NUMBER AND FRICTION COEFFICIENT

The shape and recovery factors are evaluated in MEIT by the follow-

ing relations.
For laminar flow:
TW
W, = 3.0291— - 0.614 (11)
= Y (12)
FQ Pr
For turbulent flow:
T
M, = 2.285 (1 +3.2¢7") T-“! - 0.96 (13)
173 € |
F, = Pr (14) i
where n, the turbulent velocity profile exponent, is given by:
0.37 + &n Re,
" T AT TR Rey (15)
9
e e+ eon e e e e R _




The friction coefficient and the Stanton number are evaluated by
‘the basic wall shear and heat flux laws respectively. Both of these laws
are based on incompressible flow along a smooth, isothermal, impervious,
flat plate. The friction coefficient and Stanton number are:

for laminar flow

c ‘
f,2,0 _ 0.245 :
2 * Ree (16)
ch.z.o' 0.22 : ' (17)
prv Re¢

And for turbulent flow

‘c 0.0123 Re 16

f,t,0 0.245 ) -
. .02, 0023%% oo (19)
h,t,0 pr"'sg% pr (100 + Re¢) 107¢

In order to account for the various boundary layer effects, the
Stanton number and friction coefficient given above are modified by the
corresponding influence coefficients:

_ 2
(o = C ni for x = h,f
X,y XY 0 Xs¥»2 y= 2t (20)

The influence coefficients are shown by Ix ¥s2 where the subscripts

x and y indicate whether the influence coefficient pertains to heat or
rmomentum transfer (x = h or f) and laminar or turbulent flow (y = 2 or t),
respectively. The subseript z indicates the type of phenomenon for which
the basic laws are being modified.

; Four phenomena are considered by MEIT. These phenomena and their
corresponding z-gubscripts are given in Teble 1. The influence coefficients
corresponding to each of these effects are formulated below. "

10
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(Reference 7).

m

- ——— T
F o
;;j
£ TABLE 1
§ Phenomena z-subscript of influence
coefficient
! acceleration 8
E, transpiration B!
? boundary layer properties ]
; roughness r
{. Acceleration
{ ST .
In taminar flow, legg = (1+38)7.8>0
leeg = 1.0, 6 <0
3 : < | %
Th.e,8 (j +4)%,8>0
y Ih,a,8 = 1.0, B <0
' du ’ '
L gz Ve
where: B8 = u, @&
s
£ = f pe"e"erz ds
(0

In turbulent flow, only the first terms 6f the approbriate basic
turbulent laws are modified by the above influence coefficients.

R Blowing effects are modeled with adaptations to film theory
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2n(l + 21, _ R'B')
Iy = o R"‘g'# »
'y’ h’y .
m(1+ 23, R'RB') y = 2,t
I - (i £y . »
A S P 1 -

y=2,t

where: R = ch/ = Reynolds Analogy Factor
Cflzlv _

R' Mass to heat transfer coefficient ratio

Ax,y = Blowing reduction parameter,
R 1s a dependent variable which is evaluated during the solution
process. Both R' and M,y are input (see Section 4). MEIT, however, does
provide build-in default values for A, . These default values are:

A = = 0.5

hae = reg

Ah,t = Af.t = 0.35

: Boundary Layer Properties

Boundary layer properties of density, viscosity, and Prandtl number
are evaluated at the reference enthalpy h'

h* = ahe + bhr + ch,

The property influence coeffic’ents are:

» , d ' e » .
’ _.= 2— _‘.l__ = .y = S .
IX’ytp (pe ) (ue) s X f,h. » «.Y— .‘ lat ‘- 7, -

where the constants a, b, ¢, d, and e for all combinations of x and y are
given in Table 2. LT e

12
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TABLE 2

Constants Used to Evaluate Property influence Coefficients

Property ~ Constant
influence
coefficients a ' b c d . e
leap | o0.23 0.19 0.58 0 0
Th,e.p 0.23 0.18 0.58 0 T
Tetp 0.3  0.19 045 1 0.25
Ihtp 0.3  0.19 0.45 1 0.25
Surface Roughness .
In laminal flow, 3
Ih.!.,r If,z,r =1

In turbulent flow, the influence coefficient due to surface rough-
ness 1s based on correlations from PANT and Stanford heat transfer data
(Reference 8 and 9) , as well as Stanford and NSWC friction data (Refer-
ence 9 and 10). The turbulent influence coefficients due to roughness
are: ' |

xf.t.r .= 1 +0.5 f(k/e) g(X) |

Iyt = ¥ 0.3 f(k/e) g(x)

where:  f(k/o) = 1+ 0.09 (k/0) + 0.53 (1-e™%/%)
g(X) = X + 1.5 (1-e7X) for x> 0
=0 - for x < 0
k+ ‘ .
X = log 53
13
. _.....L.x;x‘b..o" o e e .
e : . ‘ . \ / i O
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Cf.t.s = smooth wall friction coefficient given by equatfon (19)

k = surface roughness

k is input either as function of material or location (see Section 4).
The above formulations for H, F, Ch. 'cf é are only for laminar and

turbulent flows. To evaluate these four parameters for transitional flow
the following relation is used:

P = (1-f)P, + P, | . (21)

where P {is one of the four parameters above and f is the transitional
intermittency factor. ’ '

The transitional intemittency employed in MEIT is based on the
work of Persh (Reference 11), and according to the interpretation of Dahm

(Reference 12).
: a
f = 1a-

-C

- ,
Reg (Ce ¢ = Cpp)

2
where a Ree,tr (cf,t - cf.z)tr

and the subscript tr refers to conditions at the transition point.

f is set to zero in laminar flow, unity in turbulent flow, and
varies between 0 and 1 in transitional flow. :

- —This completes the formulation of the four required parameters used
in the solutions of equations (1) and (2).

R AT et b} A B A I A EL s T s T S g ST e g P g




b
i
{

e - —————

. 3
i *
: ¥
H
B *
< £
; 3
3 2
t
; -
£ H
i 3
H
: 3
N—— T
///' -
s \
. ¥ 9

PP e e Tt Tos 1 coe R N
i "
z N

0t s A

A
| N, BT

2.3 SOLUTIONS OF BOUNDARY LAYER INTEGRAL EQUATIONS

As mentioned above, the required input to MEIT are surface shape,
boundary layer edge conditions, boundary layer gas properties, and wall
conditions. These quantities are input in terms of body points. A finer
grid in terms of integration points, which include all the body points,

- 1s generated by the program to ensure adequate solution accuracy of the

integral equations. The boundary layer edge conditions, gas properties
and wall conditions at each integration point are obtained by linear inter-
polation from the input. The solution procedures of the boundary layer
integral equations (1) and (2) consist of:

° start-up series solutions at the first three integration points

. finite difference numerical solutions for the rest of the
integration points

The solutions at the first integration point are given by:

é) ‘_‘/0.245 v (0 + R]Bi) z

Lnc :
ds i1 ‘
o Jo.22 v (1+8]) z
%= d My
Y 2 prr%Y o2
ds ‘

The solutions at the second and third integration point are related
to the first integration point by: ' '

o = ¢ (1+ay°)

6 0 (4w

15
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where: a =

b =

¥ =

i and a =

12 + H] a1 0.659 (3 + H]) a (y-1) . (H]-O.GM) a (y-1)
L R A
iy 3 5 -
8 + 2H]

1 [%1 L1 2 x 0.659 a (y-1) ) 2(1-F ) (148*) aly-1) ]
6 vy 3 - S
S/Rref

07

3

In tie above formulation, Rref is an arbitrary constant radius and

vy is the isentropic exponent.

The subscripts 1 and 3 denote the first and

third integration point condition respectively.

The solutions of the first three integration points were originally

derived for reentry nosetip ablation prediction, and consider the first

integration point to be a stagnation point.
only as the start up procedure and should be ignored in the output.

In MEIT, these solutions serve

For the rest of the integration points, the following impiicit

finite difference scheme is used:

where: Ff

Fh

Fy =

Fer = Feopop * O5(Fy g # Fx [)sp = spq) x = f,h

X,

=r peueze

= T pgug(hy,

- h,)o

(see Equation (1))

(see Equation (2))

16




I is the integration point index and F; and Fﬁ are both evaluated
from equation (1) and (2) respectively.

Since the values of Fx I depend on F; 0 the solution is obtained

by iteration. This iteration is local because closure is obtained at each
integration point before proceeding down the body to the next integration
point. Convergence is based on changes of less than 0.1 percent in both
the heat and momentum transfer coefficients between successive iterations.
If the iteration fails t» converge in 30 tries, a local explicit solution
is obtained by setting F;,I a F§’1_1. and subsequently reevaluatinng;’x

based on the resulting value of Fx I before proceeding to tne next
integration point.

17




: SECTION 3
/ VERIFICATION OF MEIT

‘ i  Three computer programs were used in the check out of MEIT. These
! / three codes are:

[ o  ARGEIBL
j -

i —

'e.//g,/ o BLIMP
LS

R } e TBL

Both ARGEIBL and BLIMP have no provisions to account for surface
roughness. ARGEIBL solves only the et.argy integral equation and the heat
transfer coefficients it calculates are routinely muitiplied by 0.75 to
. improve their accuracy. BLIMP uses an exact implicit technique to solve

K the boundary layer differential conservation equations. The solution from
D ' BLIMP is believed to be the most accurate of these codes and was used as
T ' the primary criterion to determine the validitv of MEIT in the check out.

| TBL is developed by Pratt and Whitney Aircraft Company and, 1ike MEIT, it
A N uses both the momentum and energy integral equations to calculate the
R \\\ Stanton number. It also has build-in routines to account for surface

roughness.

/ The che~k out is performed by generating and comparing heat transfer
coefficients for two typical rocket nozzle en,!ronments using these four
LA } computer codes. The selected rocket nozzle environments are the Aerojet MX
/\\f;‘, . upper stage and the C/CAN nozzle. The results of the check out and the
o : conclusions and recommandations are summarized below.

3.1 AEROJET MX UPPER STAGE NOZZLE

. - An analysis of the Aerojet MX upper stage nozzle by BLIMP, ARGEIBL,
. : and MEIT as used to validate MEIT. The geometry of the nozzle is shown

18
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in Figure 1. A listing of the nozzle wall coordinates is given in Table 3.
The nozzle has a 3.146-inch radius throat aid it uses a PEG/FEFQ propellant.
The elemental composition of the propellant and the associated chamber
conditions are given in Table 4. A1l this information was obtained from
Reference 13, The edge conditions were calculated by the ACE code
(Reference 14), and the results in terms of edge pressure, temperature,
enthalpy, and velocity are presented in Figure 2. The nozzle radius is
piotted as a function of stream length in Figure 3. A wall temperature

of 5500°R was used in all the following calculations.

Smooth wall solutions were obtained using MEIT, ARGEIBL, and BLIMP,
and the heat transfer coefficients from these solutions are compared in
Figure 4. The MEIT and ARGEIBL solutions are very close to each other for
regions downstream of the throat. Both of these solutions are high com-
pared to BLIMP results. As mentioned above, the ARGEIBL solution mus® be
reduced by a 0.75 factor to accurately predict the heat transfer coeffi-
cient. Using 0.75 as the modifier, the modified MEIT and ARGEIBL solutions
are again compared to the BLIMP solution in Figure 5. From this figure, it
can be seen that both the reduced MEIT and ARGEIBL solutions compare much
better with the BLIMP solution. This shows that MEIT, like ARGEIBL, re-
quifes a modifier of 0.75.

For the unblown, smooth wall and turbuleat flow calculations (as in
the above case) it can be shown from Section 1 and Reference 1 that MEIT
is solving the same Energy Integral Equation as in ARGEIBL (i.e., for this
case the Nomentum Integral Lquation does not enter into the solution pro-
cess). It is therefore of interest to find out the reasons for the dif-
ference. in the MEIT and ARGEIBL heat transfer coefficient solutions. The
chief reason is the different formulation for the local Stanton number in
the two codes. In MEIT, the local Stanton number is given by equation (19)

0.22

[ 0.0123 Re®
Choto "Llprw Re(fp

+
Pri (100 + Re,)

(1log Re°)"'§]

and modified by the influence coefficients due to acceleration and boundary
layer properties. In ARGEIBL, the Stanton number is defined by:
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TABLE 3. WALL COORDINATES OF THE AEROJET MX UPPER STAGE NOZZLE

X, IN. Y. IN.

-4.00 5.40 NOSE CAP
-3.89 4.9

-3.72 4.67

-3.54 4.44

-3.30 4,25

-3.08 4,02

-2.76 3.83

02.38 3.65
02.08 3.52

-1.70 3.39

-1.32 3.30
-0.94 3.22

-0.58 3.19

-0.20 3.147 i)
0. 3.146 THROAT
n.165 3.149

0.411 3.168

0.657 3.19

1.06 3.27

1.45 3.38

1.99 3.988

2.36 3.78

3.62 4.54

7.53 6.64

10.32 7.95

14.89 9.87
20.43 .93
25.¢J 13.5 .
39.60 15.2 3
38.60 17.5 EXIT

B T
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TABLE 4. PEG/FEFO PROPELLANT DATA

PCHAEBER = 102. ATM

TCHAHBER 6912. °R

ELEMENTAL COMPOSITION

ELEMENT

-m O ' O x

GM_ATOMS
Y00 GRAMS

2.39527
1.13509

- 1.79248

2.27887
0.07275
0.685353

0.07071
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" W
c, = 0.0130 (&)
—_—
(pru)ds ReVb
where the subscript ' denotes properties evaluated at the reference enthaipy,

Other reasons are differences in the subroutines built in each code.

These are the following:

®  ARGEIBL uses the trapezoidal rule to calculate the numerical
integration whereas MEIT uses an averaging technique. '

° ARGEIBL uses a cubic curve fit to interpolate the required
" properties whereas MEIT uses a linear interpolation.

To check if MEIT is indeed solving the same energy integrai equation
as in ARGEIBL for the unblown, smooth wall and turbulent flow calculation,
the Stanton number formulation in MEIT was replaced by the ARGEIBL formula-. -
tion, and a solution was obtained using this new 'ARGEIBL-MEIT' code. The
heat transfer coefficients from this calculation are again compared to those
given by ARGEIBL in Figure 6. The two solutfons compare very well in the

- .nose cap region and the differences in other locations are basically due to

the different inherent routines mentioned above.

In order to check the surface roughness formulation, a rough wall
solution was generated by MEIT. A roughness height of 2 mi]l was used
throughout the nozzle. The roughness augmentation from this calculation -
is compared to those given in Reference 15 in Figure 7. The results from
Reference; ]S are based on local energy thickness and conditions given by the
smooth wall BLIMP solution and were hand-calculated using the MEIT surface
roughness formulation. Figure 7 shows that these two solutions compare very
well with each other. The higher values given by Reference 15 are mainly
due to the use of smooth wall momertum thicknesses in the hand calculation.
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3.2 C/CAN NOZILE

The C/CAN nozzle is used primarily to compare the rough wall solu-
tions generated by MZIT and TBL. The geometry of the nozzle is shown in
Figure 8. A listing of the wall coordinates of the nozzle is given in
Table 5. The nozzle has a throat radius of 0.960 inch and uses a HT 90/18
propellant. The elemental composition of the propellant and the chamber
conditions are given in Table 6. The abave information was obtained from
Reference 16. The edge conditions were again calculated by ACE and are
presented in Figure 9. The nozzle radius vs. stream length plot is given in
Figure 10 and the wall temperature is assumed to be 4939°R.

Both smooth and rough wall calculations were performed by MEIT

Smooth and rough wall solutions generated by TBL were furnished to Aero-
therm by Atlantic Research Corporation (Reference 16). The rough wall
calculations were based on a roughness height of 2 mil. The solutions are
compared in Figure 11. For the smooth wall case, the MEIT and TBL solutions
are aimost identical, For the rough wall case, MEIT predicts lower heat
transfer coefficients than TBL except for locations just downstream of the
combustion chamber. According to Reference 16, the TBL solutions, like
those generated by ARGEIBL, are normally modified by modifying factors to
make them compatible with measured values. These modifying factors are
developed from actual motor firing data. However, since there were no fir-
ing data available at the time of the check out, the question of whether
MEIT or TBL is more accurate in rough wall prediction cannot be answered
at this time.

Reference 16 aiso indicates that the rbughness modelling in TBL
would not'approach the smooth wall modelling when the surface roughness is
reduced. To make sure that this is not the case for MEIT, an additional

MEIT calculation was performed using a roughness height of 0.01 mil. The
results are exactly the same as the smooth wall solutions shown in Figure

11. This indicates that MEIT is self-consistent.

3.3 CONCLUSICNS AND RECOMMENDATIONS

The findings and conclusions based on the above discussion are
summarized below:
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/o TABLE 5. WALL COORDINATES OF THE C/CAN NOZZLE

} § | X, IN. | Y, IN.

é 1 -2.25 2.12 NOSE CAP
| -2.20 1.836
-2.0 1.526
-1.85 1.410
-1.50 o 1.282
-1.10 1.114
‘ -0.80 - 1.081
' -0.54 0.991
-0.30 0.971
Ea -0.10 ' 0.967 4
- o 0.0 : 0.960 THROAT
R 0.10 0.961 | | .
¢ | 0.20  0.965
0.40 0.980
0.60 1.005
0.80 1.041
; ; 1.20 1.4
? : 1.70 1.275
é ' 2.45 1.475
| 3.45 | 1.743
[ 4.45 2.011
/ 570 2.346 - .

—_— e . e

. .
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TABLE 6.

HT 90/18 PROPELLANT DATA

P(:hamber'

TChamber

Hehamber

El

3

ELEMENTAL COMPOSITION:

o = oo =T

= 68.027 atm

6627.6 *R

.= - 812.70 Btu/1bm

Gm Atoms

ement gram

3.4976
.6936
.6177

2.4857

Al .6671

Cl .6128
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For nonblown , smooth wall and turbulent flow, both MEIT and
ARGEIBL solve the same energy integral equation.

Using the BLIMP solution as the criterion and a modifying fac-
tor of 0.75, the modified MEIT solution {s better than the
modified ARGEIBL solution.

MEIT and TBL brgdict essentially the same heat transfer coeffi-
cient for smoo:h wall calculation.

For rough wall calculation, MEIT predicts a lower heat transfer
coefficient than TBL except in regions immediately downstream
of the combustion chamber. :

MEIT is self-consistent in its roughness modelling.

The recommendations are:

| I

For both smooth and rough wall calculations, a factor of 0.75
should be used to modify the heat transfer coefficient generated

by MEIT.

Experiments or ana1yse§ should be conducted to deduce the heat
transfer coefficient from actual motor firing data to check the
validity of the surface roughness modelling in MEIT.

A technique needs to be devised to evaluate nozzle material
roughnesses for input into MEIT.

When there is no firing data to modify the TBL heét transfer
coefficient, the MEIT solution modofied by a 0.75 factor should

be used for rough wall predictions.
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SECTION 4
DESCRIPTIONS OF INPUT AND OUTPUT

This section provides detailed user oriented fnput instructions and
a description of the output. The input instructions are presented in
Section 4.1 and the output features are covered in Section 4.2.

4.1 INPUT INSTRUCTIONS

The program input consists of three card sets:
1. General program constants and transition {nformation
2. Shrface shape, boundary layer edge andkwall conditions
3. Boundary layer gas properties '

The description of these three card sets {is given below.

Card Set 1~ Control Cards

This card set is made up of three cards which provide general pro-
gram constants and transition information., The four blowing reduction
parameters, Ax,y’ which are used to calculate the blowing influence coef-

fients (see Section 2.2), are also included in this card'set

Card
No. Column Format Data Unit
1 1 n , NSM - No. of material, up to 3 allowed -
2 n VrfROUGH - R6h§hhess ﬁeigﬁiﬁfﬁﬁut flag -
0 - Input as function of material
(see below)

1 - Input as function of location
(see Card Set 2)
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% Card :
: No. Column Format Data Unit
L :
: 3-10 F8.5 CMH - Hass to heat transfer coefficient -
[ ratio, default value = 1.0
% 11-20 F10.5 GAM2 - [Isentropic exponent, default value -
Fo. 2 1-10 F10.5  BTS - f ¢ default value = 0.5 -
1 11-20 F10.5  BTH - ', default value = 0.5 .
: 21-30 F10.5 BLS - Af", default value = 0,35 , -
31-40 F10.5  BLH - A, default value = 0.35 -
41-50 F10.5 RUFL - Surface roughness height as func- mil
. tion of material, input only if
IROUGH = 0
Repeat card 2 for each material (number of cards equals NSM).
2+ NSM 1-2 12 NS - No. of body points (maximum 60) -
1 | 2-4 12 IBRUPT - Abrupt transition flég -
1 0 - laminar and transitional flow
. : - 1 - fully turbulent: flow.
3 8-6 12 NREYCR - Transition flag - -
, ' 0,7 - all turbulent:
g ‘ 1 - all laminar _
4 - transitional 5
7-8 12 IPRNT - Output print flag -
1 - Detailed output:at body point
2 - Detailed output at 1ntegration
g - ~ point R
" 9-12 _ Blank '
13.22 DLTRAN - Axial location at which transitlon
' takes place, input only if NREYCR = 4 in
: Card Set 2 — Body Point Data ,
: This card set is made up of nine subsets and théy>provide tha suré

face sharp, edge and wall condition information to the program. The nine
subsets are: se

o IMAT - Material 1ndex. default value = )
o ISP - Axial woll cogrdinates (in.)

-39
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@ RSP - radial wall coordinates (in)
e PE - Edge pressure (atm)

o HE - Edge enthalpy (Btu/1bm)

o UE - Edée velocity (ft/sec)

o TSP - Wall temperature (°R)

o BPSP - Blowing parameter = (pv)w/

"'el.le(:M

® RUF2 - Surface roughness height (mi1)
"~ RUF2 is input only if IROUGH = 1 (see Card Set 2).

The nine subsets are input in the above order. Each of these sub-
sets has NS entries and each entry corresponds to a point on the heated
surface of the body. The input format of all the subsets are F10.3 except
IMAT which uses an input format of I10. The values of each subset are
entered eight to a card. Since the solution for the first body point is
based on stagnation conditions (see Section 2), it is recommended that the
first entry in the velocity subset (UE) be zero.

Card Set 3 — Gas Property Tables

The gas property table provides the thermodynamic and transport
properties of the boundary layer gas. This table is divided into sub-
tables based on pressure. Within each pressure subtable, they are ordered
either on temperature or enthalpy. If they are ordered an temperature,
the same temperature array must be used for a1l other pressure subtables.
The same 1s true for the enthalpy entries 1f the properties are input as
functions of enthalpy and pressure.

Card : oo ; ,
No. Column Format Data Unit
113 13 _ _IPMAX - No. of pressure entries (maximum 21)

3-6 13 IHMAX - No. of temperature or enthalpy
entries (maximum 35)

- Temperature enthalpy flag

0- Properties input as functions of
pressure and enthalpy

1- Properties input as functions of
pressure and temperature

7-12 I3 LT8
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Card | '
No. Column Format __Data __ Unit
2 1-10 F10.3 PT - Pressure atm
(3toIrAK+2 S |
1-12 £12.4 HT - Enthalpy v Btu/1bm
13-24 £12.4 TEMT -  Temperature °R
25-36 £12.4 EMT - Molecular weight
37-60 Blank : _
61-72 E12.4 ET - Viscosity 1bm/ft-sec .

‘ 73-80 F8.4 6T - Prandtl‘No.

Cards 3 to IHMAX + 2 are repeated until the total number of pressures
is equal to IPMAX. Note the pressure, enthalpy, and temperature entries must
be input in ascending order. '

4.2  OUTPUT DESCRIPTION

MEIT output can be divided into three categories. These are:
e  Output of Input | A
) Output of Calculation Results

o  Debug Output

The descriptions of each of these putpqt are given below.

Qutgut of Input

The program output begins with the output of the input. This output
is made up of three parts: B o "

e  General program information
] Thermodynamic tablg
° General input information table

The general program information prints out the program constants
contained in the first three {nput cards. These include mass to heat trans-
fer coefficient ratio, isentropic exponent, the four blowing reduction
parameters, and transition information. The FORTRAN names corresponding to
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these variables are given in Section 4.1. The thermodynamic table tabulates
the thermoavnamic and transient properties of the boundary layer gas as
functions of oressure. This table is self-explanatory. The general input
informatior table givés the surface shape, boundary layer edge conditions

and wall conditions. The variables printed in this table, their FORTRAN
names and definitions are listed below:

—  BODY PT NO (J)
Index of the body points

- INTEG PT NO (I) v
Index of the integration point for which the computed parameters
are printed

- MATL NO (MATL)
Material index.

—  STREAM LENGTH, inch (S)
Stream length along the heated surface from the initial point
to the integration points

—  AXIAL LENGTH, inch (2)
Axial coordinate of the integration points with respect to the

initial point
- RADIAL LENGTH, inch (R)
Radial coordinate of the integration points with respect to the
centerline
—  BODY ANGLE, deg.ees (THETB)
Angle which the tangent to the surface makes with respect to the
centerline
- NORMALIZED ABLATION RATE (BPSP)
Normalized ablation rate B' at the wall
gr = (ov),
Pelely

- WALL TEMP, °R (TW)
Temperature of the wall

42
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—  SURFACE ROUGHNESS, mil (RUFMIL) ,
Surface roughness height of the wall material

~  PRESSURE, atm (PE)
Edge pressure of the boundary layer

i ' —  ENTHALPY, Btu/ibm (r:)
Edge enthalpy of th: boundary layer

} —~  VELOCITY, ft/sec (%)

B2 Edge velocity of the boundary layer

i Output of Calculation Results

: ' The results of the code calculations are printed Out in three tables
These three tables are:

1. Viscous Flow - Edge Properties

>2. Viscods Fldw - Wall and B, L. Recovery Prdperties

o A T, T o B TR

. - 3., Viscous Flow - Boundary Layer Solutfon
The variables printed in each tabla. their FORTRAN names and defini-
. tions are listed below. ‘ '

1. Viscous Flow - Edge Properties Table

—  BODY PT NO (9)

: . - Index of the body points

—~  INTEG PT NO (I)

_Index of the integration point for which the computed parameters
are printed

~ STREAM LENGTH, 1inch (s)

Stream length along the heated surface from the inftial point to
the integration points

- VELOCITY, ft/sec (UE) .
Velocity at the edge of the boundary layer

- —  MACH NO (HCAM) - e
Mach number at the edge of the boundary layer

Ly e 4 S e 2 o = ey

O Ty o ; 37 e s
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Note that the Mach number given in this table is va]id only if

ENTHALPY, Btu/lbm (HE) o
Ehthalpy at the edge of the boundary layer -

TEMPERATURE, °R (TE)
Temperature at the edge of the boundary layer

DENSITY, 1bm/ft® (ROE)
Density at the edge of the boundary layer

YISCOSITY, 1bm/ft-sec (VISE)
Viscosity at the edge of the boundary layer-

UNIT RE NO, 1/ft (URE)

~ Unit Reynolds number at the edge of the boundary layer

there are no condensed species in the freestream.

2.

W

Viscous Flow - Wall and B.L. Recovery Properties Table

BODY PT NO (V)
Index of the body points

INTEG PT NO (L)

Index of the integration point for which the computer parameters

are printed
STREAM LENGTH, inch (S)

Stream length along the heated surface from the initial point to

the integration points

WALL TEMPERATURE, °R (TW)
Temperature at the wall

. WALL ENTHALPY, Btu/ibm (HW)

Enthalpy of gas at wall temperature and pressure

WALL DENSITY, 1bm/ft3 (ROW)
Density of gas at wall temperature and pressure

WALL VISCOSITY, 1bm/ft-sec (VISW)
Viscosity of gas at wall temperature and pressure
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. MOM THICK RE NO (RETH) _ \
. Reynolds number based on the momentum thickness, Rey =

RECOVERY ENTHALPY, Btu/1bm (HR)

. Recovery enthalpy defined by hr Z hg + F (hi - he)

RECOVERY FACTOR (RECOV) 2 '
e pel = for laminar flow
Recoyefy Factor defined by F=Pr, n -{]/3 for turbulent flow

SENSBL CONV HEAT FLUX, Btu/ft? sec
Sensible convective heat flux defined by &w = paiely (h. = h.)

CF/2
Functipn coefficient C./2 = rw/(peue’)

»Viscous Flow — Boundary Layer Solution Table

BODY PT NO (J)
Index of the body points

INTEG PT NO (I)
Index of the integration point for which the computed parameters

are printed

- STREAM LENGTH, inch (S)

Stream length along the heated surface from the stagnation point
to the integration points

MOMENTUM - THICKNESS, mil (THE)

-Momentum thickness 6 of the boundary layer
_ ENERGY THICKNESS, mil (PHI)

Energy thickness ¢ ¢* the boundary layer

SHAPE FACTOR (HSF)
Boundary layer shape factor, H = 8*/6

Pelle

e e

S

where &* = j‘5 (1 - 9-5) dy 1is the boundary layer displacement thickness.
o A . 7

peuee
Ve
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ENERGY THICK RE NO (REPH)
Reynolds number based on the energy thickness, Re¢ =

HEAT TRANS COEFFICIENT, 1bm/ft2sec (RUCH)
Heat transfer coefficient, p u.C, = qw/(h - h )

where C, 1s the Stanton number and qw is the wall heat flux

REYNOLDS ANAL FAC (RAF)
Reynolds analogy factor Ch/(Cf/Z)

INTERMITTENCY (ADML)
Boundary layer intermittency factor f, where 0 < f < 1 for flow
ranging from fully laminar to fully turbulent regime

HEAT TRANS AUGMENT (RUFSMT)
Heat transfer augmentation due to surface roughness, this
quantity is equivalent to the roughness influence coefficient

As mentioned in Section 2, the solutions for the first three integration
points are only for start up purpose. These solutions should be {gnored
in the output.

Debug Outgut

There are four error messages output by MEIT. The error messages
and their meanings are given below.
*******' _Wrong Pressure Input Ordering
The pressure entries in the boundary Iayer gas properties table
are not in ascending order.

********* Wrong Temperature/Enthalpy Input Ordering
The temperature or enthalpy entries in the boundary layer gas
properties table are not in ascending order.

bfabaiabded d 2 Input Temperature/Enthalpy Error

The corresponding temperature or entbalpy entries in the boundary
layer gas properties table are not the same for different pres-
sure entries.
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—  Computation of MEIT equations did not converge at Point I.
The MEIT calculations at Integration Point I did not converge
after 30 tries.

There are also other debug output built in MEIT. However, sihce
these output are only useful to the very sophisticated users who are inti-
mately familiar with the program logic, they are not described here.
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SECTION 5
SAMPLE PROBLEMS.

Presented in this section are two sample problems which were run
on a Univac 1108 Digital Computer. For each sample prcblem, the following
is presented:

o A brief description of the nature of the pr-tlem and solution.
o A listing of the input data deck.
o A listing of the output.

Sample Problem 1

This is a smooth wall calculation for the Aerojet MX upper stage
nozzle with a PEG/FEFO propellant. The detafls of this system were
described in Section 3. A total of 21 body points were fnput. The wall
temperature was assumed to be 5500°R. A IPRNT = 1 option was used which
printed out only the body point solutions.
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Sample Problem 2

A rough wall calculation for the C/CAN nozzle with a HT 90/18 propellant
was performed. The details of this system were given in Section 3. Fifty-
six body points were input. The surface roughness and the wall temperature
used in this calculation are 2 mil and 4939°R respectively. Solutions at
all the integration points were printed (1PRNT=2).
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